A model of q b b i t muscle phosphoglucomutase was refined at 2.7-A resolution by using two heavy atom derivatives for initial phasing and standard refinement procedures, including molecular replacement averaging about a 2-fold axis and dynamic simulation: final R-factor, 0.223 (no solvent modeling); RMS deviation from standard bond lengths and angles, 0.020 A and 3.6", respectively (all 8658 nonhydrogen atoms p l y 36,063 reflections (Flu 5: 3) between 8-and 2.7-A resolutions); average of individually rFfined atomic Bfactors, 40 A' (all atoms) and 30 A ' (all atoms in domains 1-111). An H-bonding scheme with 638 main chain H-bonds for the two monomers in the asymmetric unit and probable ligands for six uranyl ions in one heavy atom derivative is given. The monomer contains 42 strandslhelices arranged into four a/@-domains. Each of the first three domains contains an a&4al motif, where the topology of @4 is 2,1,3,4:fffJ, which is a topology not encountered in an extensive search among known protein structures. A spatial similarity is observed between corresponding residues in the three repetitions of this motif per monomer, but the minimal mutational distance between spatially corresponding residues is not statistically significant. The loop between the antiparallel strands in each of these domains is an important feature of the active site. In domain IV, @-sheet topology is 2,1,3,4,5,6:JfffJf. Noncovalent domain/domain interactions within the monomer are greatest between adjacent domains along the polypeptide chain, which are not substantially interdigitated and can be cleanly disengaged by altering the torsional angles of three uniquely positioned residues in the model. The observed hierarchy of noncovalent interactions between structural units within the crystal, based on a semi-empirical paradigm, suggests that monomer-monomer contacts within the asymmetric unit are formed during growth of the lattice and provides a rationale for some of the diffraction characteristics of phosphoglucomutase crystals. An unusually deep crevice involving 58 residues is formed by the head-to-tail, twisted semicircular arrangement of the four domains of the monomer that places no atom more than 12 A from the water-accessible surface. The active site of the enzyme is extensively buried at the bottom of this crevice, at the approximate confluence of the four domains. Other features of the active site, *This research was supported in part by United States Public Health Service Grants GM08963 (to W. J. R.) and GM10704 (to M.
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including the surrounding helical dipoles, and the metal-ion binding pocket are described, together with structure/function comparisons with a number of other enzymes.
Phosphoglucomutase is involved in the synthesis and utilization of glycogen. It catalyzes the reversible transfer of the PO; fragment of a phosphate group between the 1-and 6-oxygens of glucose. The active form is a phosphoenzyme in which dianionic phosphate (Rhyu et al., 1985) is esterified with the hydroxyl oxygen of S e P 6 (Ray et al., 1983) . In the first step of the reaction, the PO; fragment of this phosphate group is transferred to the 6-oxygen of Glc-1-P to give glucose 1,6-bisphosphate. A subsequent, diffusional reorientation brings the 1-phosphate of the bisphosphate into position for PO: transfer' back to what now is the dephosphoenzyme. The rate of the second PO; transfer is sufficiently rapid that the intermediate bisphosphate seldom dissociates from the enzyme before conversion to glucose 6-phosphate (cf. review by Ray and Peck (1972) ). The enzyme requires a bivalent metal ion for activity and 31P NMR studies show direct coordination between the metal ion and the enzymic phosphate group (Rhyu et al., 1984) .
The asymmetric unit in the tetragonal crystals of phosphoglucomutase used herein (P41212) contains two monomers (Wierenga et al., 1981) , each with a molecular weight of 61,600 (Ray et al., 1983) , although there is no evidence that the enzyme dimerizes in solution, at least in the concentration range of a few mg/ml (Filmer and Koshland, 1963) . About 60% of the volume in the unit cell is solvent, and the crystals diffract relatively weakly. Nevertheless, a data set essentially complete to 2.7-A resolution was collected on film by oscillation photography (Lin et al., 1986) . The initial electron density map, produced with a single heavy atom derivative plus anomalous dispersion phases, was used as a starting point for phase improvement via the molecular replacement procedure (Rossmann et al., 1979) at 2.7-A resolution. Although the phases thus obtained provided a map in which the majority of the polypeptide chain could be traced, considerable uncertainty remained about the positions of many residues, as well as the position and quality of the noncrystallographic axis (Lin et al., 1986) .
In the present study, data from a second derivative, uranyl fluoride, was used to improve initial phasing and two different procedures employed to define the local axis more closely. As opposed to the previous axis, the new axis was not quite orthogonal to the 41 crystallographic axis (deviation, ~0 . 5 " ) .
Hence, a new envelope based on a monomer instead of the 41-helical array was required. This envelope was used for phase 'PO; transfer refers to the group that actually is transferred, without regard to mechanism. 6322 refinement, as above, except that MR2 averaging involved stepwise phase extension (5-2.7-A resolution) in a total of 243 cycles. Although the electron density map produced with these phases was considerably improved relative to the previous map, the density still was not well enough defined to produce a unique model, especially in domain IV of both monomers, which lies farthest from the local axis. The current studies show that the poor definition of the map in this region is caused both by a small error in the axis used for molecular replacement and a larger-than-normal positional variability of the atoms in domain IV, for which a lattice-based rationale is posed. Because of the former problem, an electron density map constructed with combined phases obtained by assigning low weights to molecular replacement and model phases, relative to DIR phases, was used extensively for improving the model. This paper describes that map, the model constructed from it, and the improvement of that model using Hendrickson-Konnert refinement and simulated annealing. Various features of the model are discussed, including topological comparisons between domains of the monomer and between the monomer and other enzymes, as well as structural comparisons of active site features.
EXPERIMENTAL PROCEDURES AND RESULTS3
The sequence of steps used to obtain the final model plus relevant parameters is summarized in Table 4 . A brief description of these steps is presented in the Miniprint. A ribbon diagram showing the topology of the main chain in monomer 1 is given in Fig. 2 4 which also shows the color code used subsequently for the four domains. Fig. 2b is a stereographic representation of the a-carbon connectivity. The atomic coordinates and structure factors have been deposited in the Protein Data Bank, Brookhaven National Laboratory, Upton, NY.
H-Bonding Patterns in the Final Model-In the energyminimized model of the asymmetric unit, 538 probable and 92 possible H-bonds involving only main-chain atoms were identified. The scheme in Fig. 3 (see Miniprint) shows the probable main chain H-bonds in monomer 2 plus an occasional H bond that satisfies the identification criteria (figure legend) only in monomer 1. An additional 434 H-bonds involving one or two side chains also were identified using somewhat less stringent rite ria.^ Overall, of the 338 internal carbonyls of peptide groups in domains 1-111 of monomer 2 (accessible surface exposure, <5 A'), 75% form H-bonds with other groups in the model according to the less stringent criteria, above. Most of the peptide groups for which Hbonding partners are not identified occur in loops where map density is weak. All major helices are a-helices or distortions thereof (cf. Blundell et al., 1983) , especially distortions where the N-and C-terminal segments tend toward 310 helices and, in one place, a *-helix.
Heavy Atom Sites-Possible coordinating ligands for the uranyl and ethylmercuric ions were identified by reorienting neighboring side chains of the native protein (other than Arg) ' The following abbreviations are used MR, molecular replacement; IR, isomorphous replacement; SIR, single I R DIR, double I R AD, anomalous dispersion.
Portions of this paper (including "Experimental Procedures," part of " Results, " Figs, 1, 3, 4, and 7, [5] [6] [7] , and 9, Scheme 1, and additional references) are presented in miniprint at the end of this paper. Miniprint is easily read with the aid of a standard magnifying glass. Full size photocopies are included in the microfilm edition of the Journal that is available from Waverly Press. Criteria for possible main chain H bonds and for H bonds involving side chains: distances I 3.8 8, and calculated interaction energies < 10.21 kcal/mol. F-difference maps (previous $(model) ) and HLE refinement used.
N , Hg, and U, plus $(AD) used, with $(SIR) for missing $(DIR).
Compromise axis defined R-factor search (previous model) and heavy atom positions used.
Previous model and e-density map used; overlaps eliminated.
Compromise axis and 20-5 8, data used; data extension (decreasing step size): 5 + 4.7 -+ 4.3 + 3.9 + 3.6 + 3.4 + 3.2 %., Weighted F-coefficients and $(DIR) used; 1-111 in (1) and (2) refit to density; IVl rebuilt (different connectivity); IV, generated (2-fold axis from C,, 1-111) and fit to density. 7727 of 8658 atoms, 10-3.8 8, data, and individual E used; extensions of 3.8 + 3.3 + 3.0 + 2.7 8, ( All residues and polar hydrogens added; individual E and 8-2.7 8, data used; E-min (WA = 600,000 kcal/mol), simulated annealing (560 steps at 3000 K, rapid cooling), and E-min conducted.
(2) fit to density and (1) generated; E-min (as above), simulated annealing (4000 K, -1 K/step, B = 15), and E-min conducted; 1-111, (1) and (2) refit to density; four loops of IVz changed and IV, generated. E-min (WA = 500,000 kcal/mol and E,, = 3.0), simulated annealing (2000 K, -1 K/step; E = 15), and E-min conducted; IV1 and IVZ fit to density.
Step 18 repeated but to 4000 K, -0.5 K/step, and individual B two additional cycles like step 18, but with individual E also that contained oxygen or nitrogen nuclei to minimize their distances from positions occupied by heavy atoms, while maintaining a reasonable geometry, and choosing those nuclei that were or could be brought within 2.4-4.2 A of the heavy atom site? As expected (Cotton and Wilkerson, 1980) , no more than one possible ligand in addition to -S-was found at Hg(CzH$ sites (Lys Nr, three sites, and Met S, one site), whereas all UOP sites likely involve several ligands, including the side chains of Asp, Asn, Glu, Ser, and Lys, as well as main chain amides ( The side chain of non-glycine residues in domain motifs 1-111 is replaced by a methyl group, and the polypeptide segments thus produced are superimposed by the matrices described in the Miniprint; total residues, 58/domain; the color scheme is as in Fig. 2 . Helii ar of domain 11, the uppermost red helix, is from the same polypeptide chain segment as the entry helix of domain 111, the green helix in the a1 group, but with a different superposition matrix; the same two superposition matrices relate the green helix in the a4 group and the red helii in the a1 group, which also are derived from the same chain segment (see Miniprint). b, disengaged sequence domains.
The procedure is described under "Results"; the color scheme is as in Fig. 2. heavy atom derivatives is suggested only at one low occupancy mercury site, where the S-Hg bond would be too long by about 0.7 A if the position of the cysteine were the same in the native and derivative proteins.
Later diffraction studies with the M%+ and Cd' + complexes of the enzyme, both of which are catalytically active Ray et d., 1989) show that uranyl site C/D overlaps the site at which the activating metal ion binds! Since the UOE+ ion penetrates into this site less deeply than Cd2+ by about 2 A, steric effects may restrict the (linear) 0-U-0'' ion to an "oxygen-first" entry, thereby placing the uranium farther from the center of the -Asp-Gly-Asp-Gly-Asp-loop that forms the base of the metal-binding site (see below).
Organization of the Monomer-The phosphoglucomutase monomer can be divided into four sequence domains, I-IV, that comprise residues 1-188,189-301,302-420, and 421-561, respectively. This division (into groupings of 188, 103, 119, and 140 residues) is based on structural/spatial considerations (cf. Fig. 2 ), including precise boundaries that in two cases are related to a possible folding strategy (see the subsequent section). Since all four domains are more or less globular, their spatial relationship can be approximated by the posi-Y. Liu, W. J. Ray, Jr., and J. T. Bolin, unpublished results.
tions of their centers of gravity (see Fig. 4a and "Discussion").
The monomer contains four distinct a/@ structural units, each of which includes one of the four @-sheets in the monomer and is composed solely of residues in a single sequence domain (Fig. 2 ). In addition, there are spatial similarities between a majority of the structural elements within the a/@ unit of domain I and nearly all of the structural elements within the a/@ units of domains I1 and 111. These spatially similar groups of elements are referred to as domain motifs 1-111. They account for four strands of the @-sheet, @1+4: 2,1,3,4:ffTJ, and four helices, if two helices in domain I11 that lie in the domain II/domain I11 interface are considered as playing dual roles (see below). Thus, the domain motif accounts for the entire @-sheet in the a/@ unit of domains I1 and I11 and four of five a-helices in all three sequence domains.
A superposition of the four strands and four helices that comprise the three basic domain motifs is shown in Fig. 5a , where the color scheme and element designation is the same as in Fig. 2 , but with all nonglycine residues changed to alanine, and the prefix I, 11, or I11 that elsewhere serves as a domain designator omitted. (The basic motifs are selected so that within each domain corresponding structural elements are comprised of the same number of residues (Table 7) , and thus in several cases do not include all residues within a given element.) The Miniprint describes the definition the superposition matrices used in this figure that are based on the @-sheet and the central pair of helices in each domain motif, a2 and a3, not shared by two different domain motifs, uiz. excluding the "entry" and "exit" helices al and a4, respectively. The Miniprint also shows why aI and a4, which in domain I precede and follow the other structural elements of the motif, respectively, in terms of amino acid sequence, were included in the overall motif. In short, a single helix, designated either as IIa4 or IIIal, is spatially related to the remainder of domains I1 and 111, respectively, as exit helix Iff4 and entry helix Ial are related to the rest of domain I. A second helix, designated either IIal or IIIa4, is spatially related to the rest of these same two domains, respectively as are Ial and la4 in domain I, uiz. the exit helix of I1 is the entry helix of I11 and (in terms of spatial comparison with domain I) the exit helix of I11 is the entry helix of 11. (These dual role helices are designated a 4 / f f 1 and & / a 4 in Fig. 2a , where they are color-coded green and appear twice in Fig. 5a , once in the a1 group and once in cy4; in Fig. 4b , the domain designation is included so that IIa4(IIIal) IIIal(IIa4) and IIIa4(IIal) = I I o~~( I I I~~) , depending on the domain which is represented.)
In all three domain motifs, the entry helix, al, and the two central helices, a2 and a3, lie on the face of the @-sheet at an Q angle relative to the strands (Chothia, 1984) that is close to 0". The exit helix, a4, lies at the edge of the @-sheet and is juxtaposed on the entry helix at a somewhat uncommon Q angle of about 105". The lack of a more strict spatial relationship between the exit helices (cf. Fig. 5a ) is caused partly by differences between the rotation angle of a4 (horizontal) about a1 (vertical) relative to the p-sheet and partly by small differences in the azimuthal angle between a1 and the @-sheet (as opposed to differences in Q). The organization of the monomer based on domain motifs is shown schematically in Fig. 4b : darkly shaded elements, the central part of the domain motif; lightly shaded elements, the additional entry/exit helices of the domain motif.
In domain IV, the motif is a central @-sheet, 2,1,3,4,5,6:JTffJf with two associated helices. No substantial structural similarity was found between domain motifs 1-111 and any group of structural elements in domain IV.
Together, the four domain motifs account for 12 of the 17 helices in the monomer (12 of 14 total helices if the three pairs of helices that form "L-shaped" structures are considered as single, bent helices), all but seven of the 25 @-sheet strands (four of the seven not counted are involved in twostranded "arms"), and nearly 50% of the residues in the enzyme?
There is no extensive region in the molecule, as for example in alkaline phosphatase (Sowadski et al., 1985) , where residues fail to assume a more or less regular secondary structure, although there are 20-, 14-, and 10-residue surface loops in domains I1 and IV where the chain, in a more or less extended conformation, wraps relatively tightly around other structural elements. Visual inspection indicates that there are only two segments of the polypeptide chain that qualify as Q loops (Leszczynski and Rose, 1986) : an 8-residue surface loop (175-182), most of which is held tightly to the protein core, and the 12-residue active site loop that contains Ser"', to which the enzymic phosphate is attached in the phosphoenzyme.
Domain-Domain Contacts-Domain-domain contacts are evaluated in terms of the four sequence domains (see the previous section and Fig. 2a ) plus a surface-interaction parameter, A. This parameter, which is described below, is based on the decrease in the summed atomic solvation energies produced by various domain-domain contacts. This parameter also is used to evaluate molecular contacts within the crystal (see below).
The change in solvation energy produced by the formation of a given contact can be approximated as the sum-overproducts of the change in accessible surface area of the various atoms, Mi, and the energy change per unit area thus produced, ui, uiz. as ci AuiAAi. Values of AA, that characterize a given contact can be calculated by standard procedures (cf. the Miniprint) and values of Aai are provided by Eisenberg and McLachlan (1986) , based on free energy of transfer of groups from n-octanol to water. But since the favorable interaction energy per A' produced by contacts involving the association of nonpolar atoms (carbon),is approximately twice that of the unfavorable change that accompanies the shielding of neutral polar atoms (nitrogen and oxygen), for order-ofmagnitude estimates of relative contact energies, a parameter, K, for a given contact will be used: the decrease in accessible surface area of nonpolar atoms minus half of the decrease in accessible surface area of all polar atoms produced by the association in question. Such a procedure ignores the possible burial of ionic groups, i.e. it does not exact a greater penalty for the burial of -CO;, for example, than for the burial of -C02H. But since the burial of ionic groups is rare during protein folding (Dill, 1990) , and since it is not always obvious, for example, whether a buried carboxyl group is in its neutral or anionic form, employing the above procedure for such calculations seems reasonable. Thus, a small value of A can arise either from a small contact surface involving predominately nonpolar atoms or a larger one where a substantial fraction of the contact surface is provided by polar atoms.
An evaluation of all domain-domain contacts within the phosphoglucomutase monomer in terms of T (Table 8) indicates that each sequence domain interacts most strongly with those sequence domains that are adjacent to it, although there are significant interactions between domains I and I11 and between I1 and IV. (In the major domain-domain contacts, ' For convenience, residues are counted as part of &sheet/helix here and are represented as such in Fig. 3 when only the carbonyl group of a residue at the N-terminal edge/end or only the amide nitrogen of a residue at the C-terminal edge/end is H-bonded to other groups of the P-sheetlhelix. Values for domain-domain contacts are given per monomer, although SUM is given/dimer, for comparison with other SUMS taken over the asymmetric unit. The contact is defined in terms of the difference between the solvent accessible surface area of the designated sequence domains before and after forming the indicated contact. See "Experimental Section" (Miniprint). Possible Folding Strategy-In the model, sequence domain I can be cleanly and completely disengaged from the rest of the molecule without producing any apparent overlaps in atomic positions during the disengagement, as assessed visually with the interactive computer-graphics program FRODO (Jones, 1978) by altering the dihedral angle, 4, of residue 189 between domains I and 11; sequence domain IV can be disengaged similarly by altering $ of residue 405 which lies at the beginning of the helical element that interconnects domain motifs I11 and IV. Similarly, sequence domains I1 and I11 also can be disengaged by simultaneously altering the 4 and $ angles of residue 301, but only after prior disengagement of domains I and IV. These are the only single residues in the molecule that can be so altered to produce a clean disengagement? Fig. 5b shows one result of such a disengagement. Each of the four sequence domains of the enzyme thus may behave as an independent folding unit. The observation that in spite of the size of the phosphoglucomutase monomer (61,600 ; Ray et al., 1983) no atom is more than about 12 A from the Lee and Richards surface (1971) of the molecule, identified by its Connolly representation (Langridge et al., 1981) (i.e. no further than in a sphere with a density of 1.4 g/cc and an atomic mass of only SOOO), also is in accord with the suggestion that the various domains fold independently, like small proteins.
It is possible that during the initial folding, helix IIao (red helix ao, Fig. Za) , plays the role of the entry helix for domain I1 (i.e. it initially occupies the position that green helix (Y1/(Y4 (Fig. 2a) occupies in the mature protein) but later, as the folded domains coalesce, helix IIao is displaced by IIal(IIIa4) to produce the close association observed for domains I1 and I11 (since helix IIa4(IIIal) also is shared (see above).
To position a hinge so that its operation separates two juxtaposed solids requires that the hinge lie on the surface of the combined solid at their juncture and that the hasp of the hinge (in the present context, the bond to be rotated) be positioned perpendicular to the motional vector that accompanies the initial phase of their separation.
The Dimer-Scheme 1 (see Miniprint) shows the five unique molecular contacts between monomers 1 and 2 within the 41 helical array (a-e, double-headed solid arrows) (see also Fig. 6 , where these contacts are illustrated with a-carbon diagrams) and the three possible ways to choose the local symmetry axis that relates monomers 1 and 2 within the dimer. "Symmetry of the Asymmetric Unit" (see the Miniprint) outlines the reasons for choosing the axis of the dimer as that which passes through contact a as opposed to b or e, each of which involves a relatively smooth surface with no intertwining of main chain segments or hydrogen bonds involving only main chain atoms. The Miniprint also considers the symmetry of the chosen axis or lack thereof. Table 8 gives values for the contact parameter, x , for all five contacts in Scheme 1.
The 41 Helical Array-In the crystalline phase, repetition of the asymmetric unit around the 41 axis generates a large, solvent-filled "pore" (Fig. 6, center) ; the smallest diameter of the pore is about 40 A. Crystalline symmetry generates a second, somewhat larger pore from the 41 helical arrays (although in the projection of Fig. 6 , center, this pore appears smaller). Three unique molecular contacts characterize the interface between adjacent 41 helices; the ?r value for each is given in Table 8 (see also Fig. 6, center, arrow f) . The fraction of nonpolar groups within this contact, 0.6, is significantly lower than for the monomer-monomer contacts within the 41 helical array, 0.7. This observation, in conjunction with observations about the types of lattice contacts induced by salt and organic solutes (c.f. Crosio et al., 1990) , provides a basis for rationalizing the substantial effect of ammonium sulfate concentration on the morphology of phosphoglucomutase crystals?
The Contact Hierarchy Within the Crystalline Lattice-The relative values of the contact parameter, ?T, for the various contacts within the crystal (Table 8) array, where the a-carbon connectivities for monomers 1 and 2 are colored red and green, respectively. The vertical axis is the 41 or z axis; the view is from the 41 channel in the center panel, along the dashed horizontal axis (38" from the local axis, the viewpoint in the right panel); two successive representations of the chosen local axis, 90" apart along the 4, axis, are shown in projection; monomer-monomer contacts a-e are identified in Scheme 1 (Miniprint) and under "Results." The upper redlgreen monomer pairs that lie on the same side of the 41 axis represent the chosen asymmetric unit. Right panel, projection perpendicular to the noncrystallographic axis showing another view of the 4, channel wall and the two monomers of the chosen asymmetric unit: the upper red/ green pair. One access to the active site, arrow x, is down the 4, channel in the center panel, followed by entry parallel to the noncrystallographic diad, uiz. perpendicular to this plane. Center panel, contacts between 4, helical arrays within the crystal in terms of a projection of the n-carbon connectivities for 10 contiguous dimers onto the xy plane. Crystallographic axes and one noncrystallographic local axis are shown by dashed and dotted lines, respectively. Monomers 1 and 2 in the asymmetric unit are colored as in the left panel. The channels between and within 41-helices are on the kft and right, respectively. Arrows a-e point to monomer-monomer contacts within the 41 helical arrays, as defined in Scheme 1 (Miniprint) and shown in the kft panel; arrow f,g,h, monomermonomer interactions between helical arrays (see Table 8 , which provides surface contact parameters); arrow i, an apparent interaction between helical arrays produced by this projection. still (ZT = 760 A*/dimer). This hierarchy suggests three working hypotheses. 1) The "dimer" is produced during formation of the crystalline lattice, which functionally is best considered as a collection of monomers (because of the substantially greater strength of contacts involving domains within the monomer, relative to contacts between the monomers of the chosen dimer (contact a), as well as the similarity of the contact parameter for the monomer-monomer contacts involving the alternative asymmetric units (contacts b and c) ( Table 8 ; see also the Miniprint)). It also seems worth noting that the fraction of accessible surface that is occluded on formation of the chosen asymmetric unit, 3.5%) is only half as large as that occluded in the phosphorylase b dimer, which exhibits the smallest fractional decrease in accessible surface area on dimer formation among the 13 dimers analyzed by
Miller et al. (1987).
2) The reduced diffractivity of phosphoglucomutase crystals along a* and b*, relative to c* (see Miniprint), likely is at least partially related to the motional freedom of 41 helical arrays, which constitute supramolecular elements within the crystal. Thus, the relatively weak contact between adjacent arrays could allow motion in the x/y plane involving groups of molecules.
3) The reduced electron density associated with domain IV, molecule 1, where the positions of atoms are very poorly defined (Fig. 7, right) probably is at least partly due to its relatively weak contact with other molecules within the crystalline lattice (Table 8 , right-hand column) (see also the atomic B-values for atoms within the various domains (Table 5 ).) Points 2) and 3) thus may provide a rationale for a crystal treatment protocol that substantially improves the diffractivity of phosphoglucomutase crystals by means of changes that substantially decrease the atomic Bvalues, especially in domain IV."
Since the fraction of accessible surface area that becomes inaccessible during formation of the crystalline lattice varies lo W. J. Ray widely from protein to protein (Islam and Weaver, 1990) , as might be expected, the value for phosphoglucomutase is within the observed range for other proteins. However, it is in the lower range of occluded fractions: 15% for monomer 1 and 11% for monomer 2 (cf. Table 8 ), in accord with the above observations.
The Active Site-The active site region is easily identified on the basis of the deep cleft in monomer (Fig. 8, a, c, and d ) . This cleft, which extends from one side of the molecule to the other, nearly parallel with the noncrystallographic axis (Fig.   6, right) , is lined by 58 residues (Table 9 ). All four domains contribute to the wall or floor of the cleft (Fig. &, where the upper end of the cleft opens into the 41 channel of Fig. 6 , center, as does the more distant end of the cleft in Fig. & I ) . It is through the 41 channel and this cleft that the substrate and transition state analog inhibitor have facile access to the active site in the crystal (Ray et d., 1991b) .
A localization of the active site within the above cleft can be made on the basis of the position of Ser"' (Ray et d, 1983) at the approximate confluence of the four domains (Fig. &) . Thus, the catalytic site lies at the "carboxyl edge" of the four p-sheets on which the domain motifs are based, as do most active sites in two-domain enzymes with alp topology (Brhd h , 1980). When the various 8-sheets are viewed from the edge closest to strands 1 and 2 with the carboxyl edge at the top, in domains I and I11 the catalytic site lies on the righthand side of the 8-sheet; in domains I1 and IV it is on the opposite side.
The present model is that of the dephospho form of phosphoglucomutase, although that was not the original intent. Since the phospho form of the enzyme was used for crystal growth, since the loss of the enzymic phosphate in 2 M (NH4),S04 by PO; transfer to water is exceedingly slow, and since the dephospho form of the enzyme does not crystallize under the conditions used, the low electron density at the phosphorylation site (Ser"' Or) in electron density maps was unexpected. Subsequent crystal growth and phosphoenzyme stability studies show why the enzyme in crystals used for data collection was largely in the dephospho form (see the Miniprint). Because the dephosphoenzyme binds Mg2+ more weakly than the phosphoenzyme (Magneson et ol., 1987) , and because the concentration of M$+ used in the crystal growth buffer was established for the phosphoenzyme, the bivalent metal-binding subsite of most enzyme molecules in the crystal probably was occupied by N&+ or water instead of M$+." In any case, neither an enzymic phosphate group nor a metal ion was included in the model during refinement. In addition, the negative charge on each of the three aspartic acid side chains in the metal-binding loop, -DGDGD-(see below), was e l i i - nated during simulated annealing and the subsequent energy minimization (see the Miniprint). However, the positions of the three aspartic acid side chains in the final model did not change appreciably when a negative charge was restored to each and additional energy minimization conducted. In addition, when Mg2+ was introduced into the model at the position indicated by the studies described in the following paragraph, with negative charges on all three aspartic acid side chains, additional energy minimization also produced only minor changes in the conformations of these side chains. Fig. 9 is a stereographic representation of the positions of the atoms within the metal-binding loop, including one of the 2 residues that anchor this loop to the p-sheet in domain 11, Arg292 (the side chains of which is poorly resolved); the other anchoring residue is Phe2=. This figure also shows Ser"6 in domain I, plus several other residues in domains 11-IV that may be involved in substrate binding or catalysis.
In other studies (to be described elsewhere4), phosphoglucomutase crystals were rephosphorylated before data collection (Ray et al., 1991a) and Cd" substituted for M F . Difference electron density maps uersus the metal-free dephospho form of the enzyme, as well as F,-F, maps, where F, was obtained from the current model, which contains neither a bound metal ion nor an enzymic phosphate group, provided substantial density in the anticipated positions: adjacent to S e P 6 0' and within the region between the -DGDGD-loop and the enzymic phosphate group.
Helical Dipoles-The N terminus of none of the a-helices in the monomer is focused directly on the position that the enzymic phosphate group must occupy in the phosphoenzyme, although such focusing is a relatively common feature of anion-binding sites (Quiocho et al., 1985; Hol, 1985; Knowles, 1991) . However, the N termini of three helices (all incidentally with C-terminal lysine cap:) do focus within a few 8, along a line that runs about 3.5 A below the -DGDGD-loop that forms the base of the metal ion-binding site, which in turn lies beneath the position of the enzymic phosphate group within the active-site crevice. Only one of these helices is part of a pap unit and none contains the familiar -G-G--G-fingerprint (Hol, 1985) of a "phosphate gripper" (Knowles, 1991) . Whether this dipole focusing, imperfect as it may be, is significant, or is simply the chance result of the similar relationship of the P-sheetlhelix relationship for all 10 of the helices within the three domain motifs plus the spatial relationship of these three B-sheets, remains to be seen.
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FIG. 9. Active-site structure. a, stereographic representation of the spatial relationships among the residues at or close to the catalytic site. The view is close to that in Fig. 8c but rotated clockwise by about 30' in the plane of the paper so that the active site cleft runs from upper right to upper left.
DISCUSSION
The appearance of the phosphoglucomutase monomer is like that of a thick, heart-shaped box (Fig. 8, a and b) , with a deep crevice between the two lobes that is deeper along one face of the heart than the other and deeper still in the center ( Fig. 8 d ) ; the crevice is not quite vertical in the view of Fig.  8a . Although enzymes frequently exhibit a two-lobe structure, phosphoglucomutase differs from a number of such enzymes, e.g. phosphoglycerate kinase (Banks et al., 1979) , in that its two major lobes do not appear to be joined by a slender, hingelike bridge (Fig. 8, b and c ) . Thus, although the two larger domains, I and IV, constitute the left and right lobes, respectively, of Fig. 8a , the smaller domains I1 and I11 are stacked at the apex, domain I1 slightly below and in front of domain 111, to produce a robust connection between domains I and IV.
Except for the active site cleft, the profile of phosphoglucomutase in Fig. 8 appears to be reasonably compact in comparison with other large protein molecules, and its accessible surface area, relative to its molecular weight, is only 23% larger than that which characterizes much smaller globular proteins (Janin, 1976; Teller, 1976; Islam and Weaver, 1990) . However, the four sequence domains of the monomer are connected in a head-to-tail arrangement in which the centers of gravity form a twisted semicircle (Fig. 4a) , similar to that in the monomer of wheat germ agglutinin (Wright et al., 1985) . In fact, both twists have the same hand, although the twist in phosphoglucomutase appears to be more severe. Because of this arrangement, the point of deepest burial within the phosphoglucomutase monomer is no greater than that for the largest domain (domain I, M , FZ 20,000), about 12 8, (as opposed to 35 8, if the protein were spherical with a density of 1.4 g/cc). The shallowness of the point of deepest burial plus the observation that the accessible surface of phosphoglucomutase is related to its molecular weight in the manner noted above reinforces the argument of Gates (1979) that there is no reliable relationship between the accessible surface of a protein and its shape.
The three primary domain-domain contacts (see Table 8 and "Results") are robust in terms of area, as in elastase (Sawyer et al., 1978) , and all are relatively deficient in Hbonds (see "Results"), as frequently is the case (Richardson, 1981) . For domains I1 and 111, the contact is particularly intimate since they share "entry" and "exit" helices (see "Results"). In fact, this pair might be considered as a single domain were it not for the structural motif that is repeated in domains 1-111, together with the ability of the separated domains to dock, without structural changes, as described under "Results" (see Fig. 5b ). Discounting this sharing of helices at the domain II/domain I11 interface, there are only two interdomain crossover contacts: a 20-residue loop that wraps around domain I1 and makes a limited number of contacts with domain I (Fig. 2b, front center after residue 247) and an 8-residue arm of domain IV with an antiparallel arrangement of strands that wraps around domain I11 (as in papain (Drenth et al., 1971) ) (Fig. 2b , rear center of model at residue 546).
Our rating of various contacts within the crystalline assay, in terms of a convenient modification of the atomic solvation parameters of Eisenberg and McLachlan (1986) (see Table 8 and "Results"), suggests that the "dimer" within the asymmetric unit has no physical significance apart from the lattice. The same conclusion can be drawn on the basis of the more conventional comparison of total contact area, which for the major intramolecular domain-domain contacts involve surfaces that are similar in size to or somewhat larger than specific contacts between different proteins that occur in solution (e.g. protease-inhibitor contacts (Janin and Chothia, 1990) ). By contrast, the various intermolecular contacts along the 41 helix involve a substantially smaller surface with a significantly larger fraction of polar groups (Table 8 and "Results"). These intermolecular crystallographic contacts, which in the most favorable case (contact a) involves about 3.5% of the accessible surface of two monomers, also are much smaller on a fractional basis than monomer-monomer contacts within most functional protein dimers, such as alkaline phosphatase (Sowadski et al., 1985) or citrate synthase (cf. Miller et al., 1987) .
Although spatial correspondences within the repeated structural motif in domains 1-111 (see "Results") are substantial, especially in the central portion of the motif (see Figs. 4b and 5a and the Miniprint), in the rabbit muscle enzyme that was used in these studies, amino acid sequence homologies between spatially "equivalent" residues of these motifs in themselves are too weak to provide support for the paradigm that the enzyme has evolved from a smaller, primitive precursor via partial gene duplication and elaboration. In fact, the nucleotide sequence for the corresponding elements of these domains in some places actually differs to a greater extent than would be expected on the basis of random mutation from a common ancestral sequence. (The average minimal mutational distance between spatially related residues is only slightly below the noise level of about 1.4 base changes/ codon).'* Of course, the lack of obvious vestigial sequence homologies could reflect both the antiquity of enzymes in the glycolytic pathway and the different relationships that the corresponding structural elements of domain motifs 1-111 exhibit toward the surrounding solvent in modern day phosphoglucomutase, as well as the size of the sample used for comparisons. These observations acquire additional import from the apparent absence of the topology associated with these domain motifs among proteins of known ~tructure.'~ The failure of the domain motif IV to exhibit a significant structural relationship to the domain motifs of the first three domains, much less a sequence relationship, is noted under "Results."
When the approach adopted by Richardson (1981) is used to delineate domains, there are very few proteins whose structures are known that have four domains. Discounting the immunoglobulins and trypsin inhibitors, we have been able to identify only four other four-domain globular proteins: wheat germ agglutinin (Wright et al., 1985) , aconitase (Robbins and Stout, 1989) , and the structurally related glutathione reductase/lipoamide dehydrogenase pair (Rice et al., 1984) . In none of these is the domain-domain organization noticeably related to that phosphoglucomutase, although in the agglutinin, as in phosphoglucomutase, domain-domain contacts are primarily between domains that are adjacent in terms of amino acid sequence. In aconitase, like phosphoglucomutase, the active site is at the base of an unusually deep crevice, residues from all four domains impinge on that site, and the The nucleotide sequence recently obtained for all but the first 40 nucleotides of rabbit muscle mRNA, in collaboration with J. Clements and J. Dixon, Biochemistry Department, Purdue University, is in complete agreement with the previously published sequence obtained by chemical degradation (Ray et al., 1983) . l3 E. Gail Hutchinson, Department of Biochemistry and Molecular Biology, University College, London, has confirmed our visual search conclusion (see below) that the topology of the motif associated with domains 1-111, -lX, +2X, +1 (cf. Richardson, 1981) is not present in reported structures, at least those within the Brookhaven data base, by using program HERA (Hutchinson and Thornton, 1990) . In fact, the topology -1X, +2X, -also is rare. first three domains exhibit greater structural similarities than the fourth. In addition, the two-step aconitase reaction bears a formal relationship to the two-step phosphoglucomutase reaction in that the reaction intermediate is reoriented within the active site cavity prior to the second step of the reaction and reoriented at a rate somewhat faster than that at which it is able to leave the cavity. But the obvious similarities between these two enzymes end here.14 Since few proteins with known structure contain four domains, it is not surprising that the a//3 architecture of phosphoglucomutase does not contain those structural similarities that have been recognized in several glycolytic enzymes (cf. Fothergill-Gilmore, 1986) , and is distinctly different from the three enzymes contiguous with phosphoglucomutase in and along the glycogen cul-de-sac.15 Nor does any simple mechanism for generating a "broken" @-barrel from the @-barrels that are prominent in some of these enzymes appear to be capable of accounting for the &sheets in the first three domain motifs. It remains to be seen whether there will be structural similarities between phosphoglucomutase and two other enzymes within the glycogen cul-de-sac of the glycolytic pathway whose structures as yet have not been determined UDP-glucose glucosyl transferase and UTP-glucose-1-P pyrophosphorylase. In terms of its unrelatedness to other enzymes of known structure, it also seems worth observing that there are no statistically significant amino acid or nucleotide sequence homologies between phosphoglucomutase and any protein currently in the Brookhaven data base.16
Among other phosphotransferases whose structure is known there also are no apparent structural similarities between phosphoglucomutase and the phosphoserine enzyme, alkaline phosphatase (a one-domain enzyme with 10 parallel and one antiparallel strands in a central @-sheet (Wyckoff et al., 1983) or the phosphotransferase whose reaction sequence (cf. Ray and Peck, 1972) is closest to that of phosphoglucomutase among mutases of known structure, phosphoglyceratemutase17 (a one-domain, phosphohistidine enzyme).
The topology of the P-sheet in the repeated domain motif of phosphoglucomutase, 2,1,3,4:fffJ (Fig. 2a) , also stands alone. Thus, a careful visual inspection of more than 140 published structures for "different" enzymes/proteins produced no examples of this topology at any position of any pWhen viewed from domain 4, domains 1-3 in aconitase and phosphoglucomutase appear in clockwise and anticlockwise arrays, respectively.
l6 Hexokinase, glucose-6-phosphate isomerase and phosphorylase all have two-domain a/@ structures. In hexokinase, both domains contain @-sheets with five parallel/antiparallel strands (Anderson et at. (1979) ; in glucose-6-phosphate isomerase, the strands, four in one domain and six in the other, are parallel (Shaw and Muirhead (1977) ; in phosphorylase, one of the @-sheets contains six parallel strands and the other nine strands, the latter in an almost a + @ arrangement (Sprang and Fletterick (1979) ).
Search kindly conducted by Dr. Patricia Babbitt, Department of Pharmaceutical Chemistry, UCSF.
l7 Phosphoglycerate mutase, like phosphoglucomutase and aconitase, catalyzes a two-step chemical process and, like these two enzymes, accomplishes a diffusional reorientation of its intermediate, glycerate 2,3-bisphosphate, prior to the second step of the reaction (Grisolia and Cleland, 1986 ). This reorientation is accomplished by phosphoglycerate mutase without the benefit of nearly as deep an active site cavity (Winn et at., 1981) as those in phosphoglucomutase and aconitase. However, the rearrangement is accomplished much less efficiently, relative to dissociation, than in phosphoglucomutase (Ray and Roscelli, 1964) . On the other hand, in spite of its deep active site cavity, aconitase is unable to reorient its intermediate efficiently relative to dissociation (Rose and O'Connell, 1967) , probably because the chemistry of the intermediate is much closer to that of the product than for the two mutases.
sheet.'* One group of proteins with a somewhat similar 8-sheet structure includes the periplasmic binding proteins of Escherichia coli, where the all-parallel @-sheet is 2,1,3,4,5 (cf. Sack et al., 1989) ." The binding site for the sugar ring in the arabinose/galactose/ribose binding proteins of this group lies between loops at the carboxyl end of strands 1 and 3. Because of the handedness of the p i c~@ i +~ motif (Brandh, 1980; Chothia, 1984) , these loops leave the @-sheet in opposite directions, thereby creating a V-like crevice. Although the adjacent strands 1 and 3 are similarly related in phosphoglucomutase, no residue of the loop following strand 1 in any of the first three domains of phosphoglucomutase is in a position to serve as a substrate-binding residue. Instead, it is an elaborated loop between the antiparallel strands 3 and 4 that extends into the crevice formed by all four domains that provides the residues that likely serve as binding/catalytic residues (Fig. 2a, triple arrow) .
In domain I, this elaborated 10-residue loop contains Ser116, whose hydroxyl oxygen serves as the PO; acceptor/donor in the catalytic process; in domain 11, the corresponding loop, -Asp-Gly-Asp-Gly-Asp-, at the very bottom of the active site crevice Fig. 8d , serves as the base of the metal-binding site (Fig. 9) . The same loop in domain I11 is even shorter: -GluSer-Phe-. It lies along one wall of the active site cavity and almost certainly provides binding specificity (cf. Lowry and Passonneau, 1969; Ma and Ray, 1980) by interacting with the glucose ring. Three loops of domain IV that form part of the active site crevice lie only a few bond lengths away from Ser"' on the opposite wall of the active site (Table 9 ). However, none of these are likely to form the critical part of the remaining feature of the active site crevice, the distal phosphate-binding subsite (cf. Ray et al., 1990) , for which at present we are unable to provide a unique locus, although it is possible to state that neither the positive end of a helical dipole nor a "phosphate gripper" (Knowles, 1991) is present at any of the possible sites. Each of the active-site loops is briefly discussed below; the confluence of all four domains in the catalytic region of the active site cleff is shown in Fig. &.
In the active-site loop of domain I, Ser116 is the second residue from the C-terminal edge of the p-sheet. Succeeding residues in this loop are -His-Pro-Gly-Gly-Pro-Asn-Gly-Asp-, and the electron density associated with these residues is relatively low. In fact, this loop is one of only two Q loops (Leszczynski and Rose, 1986) in the entire protein. Both the low electron density and the amino acid sequence of this loop are consistent with a relatively large degree of motional freedom. It would be surprising if this freedom persists in the presence of bound substrate, since part of the catalytic efficiency of many enzymes derives from immobilization of reactant groups at the active site (Fersht (1985) , Page (1987) and references therein; however, see Knowles (1991) . Subsequent studies of substrate/product and transition state analog complexes in the crystalline phase (cf. Ray et al., 1991b) should resolve the flexibility question.
The -DGDGD-loop beneath Ser'16 O7 in the active site crevice (Figs. 8d and 9 ) forms the base of the metal ionbinding site? In the case of the phosphoenzyme, a nonbridging oxygen of the active-site phosphate group almost certainly acts as a metal-ion ligand (Rhyu et al., 1984) . In the case of the dephosphoenzyme, modeled here, Ser"' 0 7 furnishes the additional metal ion ligand. This conclusion provides a raThe somewhat similar motif, 2,1,3,4:TfJf, occurs in glutathione peroxidase (Ladenstein et ai., 1979) .
''A similar motif also occurs in glutathione reductase and lipoamide dehydrogenase: 2,1,3,4,5:fTffl (Rice et aL, 1984) , although strand 5 is part of a different sequence domain.
tionale for the earlier observation that removal of the enzymic phosphate group produces a decrease in the stability of the enzyme metal ion complex, about 20-fold (Ray et al., 1966; Magneson et al., 1987) , that is much smaller than otherwise would be expected in terms of a reduction by one in the number of metal-binding ligands (c.f. Smith and Martel, 1974) , as well as a smaller decrease than otherwise expected in the rate at which bound M$+ dissociates from the enzyme (about 3-fold (Ray and Roscelli, 1966) ).
Although the metal ion-binding site in the dephosphoenzyme exhibits a distinctly tetrahedral appearance (Figs. 8d  and 9 ), a tetracoordinate ligand sphere is not in accord with the ESR spectrum of the Mn2+ complex of the dephosphoenzyme," and metal binding likely involves a hexacoordinate array of ligands. In terms of our model, such an array would require the involvement of two water molecules.
Although no other pentapeptide segment in the Brookhaven data base precisely matches the sequence of the metal-ion binding loop, this loop could be considered as a shortened version of the metal-binding loops in other proteins, e.g. the 12-residue EF loop of parvalbumin and the related loops of other intracellular proteins whose function is modulated by Ca2+: -Asp-Ser-Asp-Gly-Asp-in the case of parvalbumin (cf. Vyas et al., 1987) . In the case of phosphoglucomutase, the residue subsequent to the -DGDGD-sequence is which is part of the P-sheet in domain I1 (Fig. 9) . The guanido group of this residue undoubtedly interacts with the enzymic phosphate group (see below), and the guanido group may be involved in the altered chemical potential of the enzymic phosphate group that is produced by changes in the identity of the bound metal ion (Ray and Long, 1976 ). It will be particularly interesting to determine how substrate binding alters the disposition of this side chain. At its opposite end, the metal-binding loop is anchored to the p-sheet by Phe2*'. The distinct phenylalanine difference spectrum produced by the binding of a metal ion at the active site of phosphoglucomutase (Ray, 1978) may well involve structural changes that extend to this residue, although a direct electrostatic effect cannot be eliminated.
A precise definition for the role of residues -ESF-that form the loop between the antiparallel strands, 3 and 4, in domain 111, must await the completion of crystallographic studies with substrate/transition state analog complexes currently under way (Ray et al., 1991b) . However, since the coordination between the enzymic phosphate group and the active-site metal ion in the binary enzyme-metal ion complex is retained in the enzyme-substrate the geometrical constraints on an in-line displacement at that phosphate group require that the glucose ring of the substrate interact in some manner with the side chains of the above residues.
The active site cleft of phosphoglucomutase is more extensive than it appears from a surface view. Thus, Fig. 8d shows the residues whose a-carbons lie in a thin section of the cleft that includes several active site residues (a similar viewpoint as in Fig. 8u ). Whereas this view tends to suggest that domains IV and I (left and right lobes, respectively) might pivot to allow the enzyme to envelop the substrate, both lobes are joined to the lower two domains via a polypeptide linkage that runs along the outer surface of the molecule. Hence, while opening of the active site is possible, cf. Fig. 5b , a further closure via a pivot-like movement seems unlikely?
The size of the 58-residue active-site cleft relative to that of the normal substrate, Fig. 8d , is emphasized by comparison with the size of the active site of fructose bisphosphatase, an enzyme that acts on a substrate with the same molecular weight as Glc-1,6-P2, and of alkaline phosphatase. In the phosphatase, the active site is barely large enough to accommodate a phosphate group (Sowadski et aL, 1985) , or about 200 A3, whereas in the bisphosphatase the volume of the active site "cave" (Ke et al., 1989 ) is about 600 A3. By contrast, in phosphoglycomutase the volume of the active site cleft is 4000-6000 A3.
Although the current model is that of the dephosphoenzyme, having located Oy of the active-site serine in the dephosphoenzyme, and knowing that the enzymic phosphate is liganded to the active-site metal ion both in the resting enzyme (Rhyu et al., 1984) and in the complex of the phosphoenzyme with its substratez1 allows the position of the enzymic phosphate group to be defined with reasonable certainty. Although this group is deep within the active site cavity, it does not appear to be extensively shielded from water, although water might be substantially excluded from the position required for an in-line attack on phosphoserine. Hence, a rationale for the very low reactivity of the enzymic phosphate group toward water (Ray et al., 1976) 
